Abstract. The atmospheric pollen loads of Hobart, Tasmania, Australia, were monitored between September 2007 and July 2009. To examine the match of the airborne pollen composition with the flowering duration of their contributing plants, the phenology of native and non-native plants in various habitats near the pollen-trapping site was undertaken between August 2008 and July 2009. The pollen load was found to have a strong seasonal component associated with the start of spring in September. This is incongruent with the peak flowering season of the total taxa in October. In most taxa, atmospheric pollen signatures appeared before flowering was observed in the field. The presence of most pollen types in the atmosphere also exceeded the observed flowering duration of potential pollen-source taxa. Reasons for this may be related to the sampling effort of phenological monitoring, pollen blown in from earlier flowering populations outside of the sampling area, the ability of pollen to be reworked, and the large pollen production of some wind-pollinated taxa. In 2007-2008, 15 pollen types dominated the atmosphere, accounting for 90% of the airborne pollen load. The top six pollen types belonged to Betula, Cupressaceae, Myrtaceae, Salix, Poaceae and Ulmus. Comparatively, the annual pollen load of Hobart is lower than in most other Australian cities; however, the pollen signal of Betula is inordinately high. Native plants play a minor role as pollen contributors, despite the proximity of native habitats to the pollen-sampling location. The implications of the aerobiological observations are discussed in relation to public health.
Introduction
Allergic disorders and allergenic-related diseases pose significant public health problems and have economic dimensions. For example, hay fever and asthma reduce well being and ability to work and place a burden on the health sector. The ability to forecast seasonal and daily atmospheric pollen loads is necessary for optimising both individual and public health outcomes. Therefore, monitoring and analysis of atmospheric pollen is of paramount importance (Hill et al. 1979; Schäppi et al. 1998) . This is particularly true for regions of the world with endemic floras for which generalisations from existing aerobiological research biased towards temperate northern hemisphere is inadequate. In Australia, this problem is being gradually remedied and qualitative surveys of atmospheric pollen have been conducted in most major Australian cities, including Adelaide (Mercer 1939 (Mercer , 1941 , Brisbane (Rees 1964; Moss 1965 Moss , 1966 , Canberra (Phillips 1941; Matthews 1965; Sands 1967) , Darwin (Stevenson et al. 2007) , Melbourne (Sharwood 1935 (Sharwood , 1937 Derrick 1966) , Perth (Speck 1953) and Sydney (Phillips 1941; Morton 1946; Price 1963; Bass and Morgan 1997; Katelaris et al. 2000; Stennett and Beggs 2004) . Whereas there is a need for updates in aerobiological investigations for some Australia states, Tasmania suffers from a severe paucity in aerobiological documentation, with only an early paper dealing with allergenic atmospheric mould spores (Clarke and Mason 1964) . The primary purpose of the present study is to fill this gap.
Fundamental to aerobiological investigations is the study of plant phenology because precise data on the spatial and temporal patterns of flowering of allergenic taxa opens up avenues for their management. This knowledge is of increasing importance, given that global climate change has been shown to have serious implications for plant phenology (Parmesan and Yohe 2003; Root et al. 2003; Cleland et al. 2007) . Correspondingly, numerous studies have highlighted the link between climate change and aerobiology (Beggs 2004) , with projections of rising allergenic pollen levels as a result of increases in the temperature or atmospheric-CO 2 level (Emberlin 1994; Ziska and Caulfield 2000; Singer et al. 2005) . Surprisingly, co-studies of aerobiology and plant flowering phenology are rare, despite the potential of phenological data to improve and optimise pollen forecasting (Estrella et al. 2006) .
The present paper aims to: (1) profile the atmospheric pollen spectrum of Hobart on the basis of atmospheric pollen data obtained between 2007 and 2009 , and compare it with that of other Australian states; (2) present baseline phenological data and examine its congruence with trends in the atmospheric pollen load and makeup, and;
(3) identify the implications to public health of Hobart's aerobiology.
Materials and methods

Study area
Hobart is the capital of the Australian island State of Tasmania and currently has a population of just under 220 000 (Australian Bureau of Statistics 2009). Tasmania was settled by the British in 1803, and has an Indigenous history of over 35 000 years. Tasmania is located in the south-eastern tip of Australia, between latitude 42 S and 45 S, and has a distinct temperate maritime climate, with mild summers and cool to cold winters. Reflecting the mid-latitudinal location, Hobart exhibits an enormous seasonal variation in daylight hours between the austral winter solstice (9 h on 21 June) and summer solstice (15.2 h on 21 December). The highest temperature recorded for Hobart is 40.8 C and the lowest is -2.8 C; however, temperatures are strongly influenced by aspect and elevation. Rainfall is relatively evenly distributed annually, decreases sharply from west to east across the island, and is strongly influenced by local topographic effects. For example, mean annual rainfall varies in the Hobart region between 931.9 mm on the mountains immediately to the west of the city (Mount Wellington) and 501 mm in rain-shadow coastal areas to the east (Hobart Airport).
The University of Tasmania campus, where airborne pollen is sampled, is located on the southern suburbs of Hobart. The study area where phenological observations were made stretches west to east, from the summit of Mount Wellington to Lauderdale across the Derwent River, encapsulating the perhumid and subhumid climatic zones of Gentilli (1972) . The vegetation within the sampling area variously comprises urban parks, wet and dry eucalypt forests, coastal heath, native and urban grasslands and subalpine and alpine heath on Mount Wellington (Table 1) .
Aerobiology
Between 1 September 2007 and 31 July 2009, aerobiological data were collected with a 7-day Burkard volumetric sampler (Burkard Manufacturing Co. Ltd, Rickmansworth, Hertfordshire, UK) located~18 m above the ground on the rooftop of a building at the University of Tasmania, Sandy Bay Campus. The sampler was calibrated to sample air at 10 L minute -1 , with each sampling period running for 7 days. Airborne particles were trapped on MelinexÔ tape (Burkard Manufacturing Co. Ltd, Rickmansworth, Hertfordshire, UK) coated with a silicon-based adhesive (Lanzoni, Bologna, Italy). The 7-day tapes were then cut into 24-h segments and mounted on glass slides with fuchsine stained Gelvatol (Lacey and West 2006) .
Analysis of each 24-h period was conducted by counting four transects at Â400 magnification. Pollen counts were then converted to grains m -3 of air and expressed as a daily mean value (Hirst 1952) . Pollen identification was aided by the existing reference collection held in the Department of Archaeology and Natural History at the Australian National University and by a pollen reference collection compiled specifically for the present project (see next section on Flowering phenology).
Periodic breakdowns of the sampler occurred, largely during February and March of the year 2009, leaving a total of 138 days of missing data of the 695 days of monitoring.
Flowering phenology
As part of an effort to collect reference pollen material for identifying the atmospheric pollen and to document the flowering phenology of potential pollen source plants, 243 taxa were selected as the representative flora of 14 vegetation types or habitats and monitored (Table 1) . Ten of the habitats were native, including three upland sites with an altitude exceeding 690 m above sea level (asl) and seven lowland sites below 450 m asl. The sampling sites for the native habitats were selected to be floristically distinct from one another, so as to maximise the number of native taxa and habitats monitored. One sampling site consisted of an urban garden of native plants. The remaining three habitats consisted of amalgamated observations of non-native plants occurring in a suburban grassland, a coastal habitat and waysides or roadsides in built-up areas of Hobart (Table 1) . Monitoring of flowering was conducted by the same observer throughout the entire study, on 32 occasions, starting 
Data analysis
The atmospheric pollen data were analysed at four scales. First, the pollen concentrations across the entire pollen-sampling period were graphed against rainfall data and temperate from the Ellerslie Road weather station (Site No. 09402; 42.89 S, 147.33 E; 51 m asl) in Hobart to illustrate inter-annual trends. Second, the aerobiology data were overlain onto the overall flowering response of the vegetation. This co-analysis necessitated the averaging of the pollen concentration for each individual month in both years sampled to obtain a mean monthly atmospheric pollen concentration. This step was taken to ameliorate the gaps in the pollen sampling data and to emphasise general rather than individual seasonal patterns. Third, the 20 most predominant atmospheric pollen types, on the basis of monthly averages, were co-analysed with the flowering response of their respective taxa. Finally, for the purpose of comparison with pollen data from other Australian cities, a subset of the data from September 2007 to September 2008 was used, the reason being that the data from this period were the most complete and representative for a single year.
Results
Inter-annual comparisons
When the entire 2007-2009 dataset was analysed, a strong seasonal signal in the pollen composition was evident (Fig. 1) , with the mean daily pollen load being highest during September, at the onset of the austral spring (1 September). The top six pollen types were Betula (birches), Salix (willows), Pomaderris (dogwood), Cupressaceae, Poaceae (grasses) and Myrtaceae (e.g. Eucalyptus, Melaleuca). Betula-type pollen had the highest representation, with a monthly maximum peak average of~38 grains m -3 (Fig. 1) . The peak pollen-emission period occurred during the spring season, between September and November ( Fig. 1) , with the 2 years showing broad similarities in the timing of peak pollen loads. In the case of specific taxa, the atmospheric concentration of each pollen type exhibited some inter-annual variation (Fig. 1 ). For instance, the peak pollen loads for Betula, Salix, Pomaderris, Cupressaceae and Poaceae were lower in 2008 than in 2007, whereas that of the Myrtaceae was higher in 2007. Overall, some variation was also observed between the total pollen loads of spring 2007 and 2008, with the spring of 2008 having a lower peak pollen load (Fig. 1) .
Phenological patterns and aerobiological correlations
Of the 243 taxa monitored, 170 were native and 73 were nonnative. Of the native taxa, 78% were putatively animal-pollinated and 22% were wind-pollinated. For the non-natives, 56% were animal-pollinated and 44% wind-pollinated. The non-native flora exhibited a consistently higher percentage of taxa flowering than did the native flora, the exception being months of the late summer and early autumn when the native upland component exhibited peak flowering (Fig. 2) . Both lowland non-native and lowland native plants exhibited peak flowering in the middle of spring in October (Fig. 2) , lagging 1 month after the peak in airborne pollen loads. The peak in flowering of the upland native flora did not appear to register in a significant way in the mean monthly pollen concentrations of January (Fig. 2) .
Of the monitored taxa, 152 were relevant to the co-analysis with the atmospheric pollen record (Appendix 1). Phenological observations of specific taxa were overlain on a pollen calendar of the 20 most abundant pollen types during the entire sampling period, and the results showed that the presence of most pollen types in the atmosphere exceeded the observed duration of flowering of their potential pollen-source taxa (Fig. 3) . The Rutaceae was a notable exception, exhibiting an airborne pollen signal for 2 months, even though Rutaceae taxa were found flowering throughout the year. We had no phenological observations of Podocarpaceae, Rumex and Ulmus.
Pollen profile for 2007-2008
The airborne pollen concentration between September 2007 and September 2008 (Table 2) represents an almost unbroken quantitative data series across a seasonal cycle. During this period, 15 pollen types dominated the pollen spectrum, contributing 90% of the total pollen load for the year. Betula was the highest pollen contributor, accounting for 25% of the total pollen load. The pollen contribution of the Cupressaceae, at 13%, was half that of Betula. In decreasing order of contribution, the pollen profile is followed by various other tree and non-woody pollen-contributing taxa, with native taxa such as the Myrtaceae, Pomaderris, Casuarinaceae, Nothofagus, Phyllocladus, Acacia and others contributing between 11% and <1% to the total pollen load. Among the non-woody taxa, the Poaceae contributed the highest amount of pollen (6%) and Plantago-type pollen represented half that amount (3%). Other non-woody genera each contributed <1% of the total pollen load for the year.
Discussion
Hobart has an aerobiology that reflects the admixture of a native and non-native flora, both of which are strongly influenced by a temperate seasonal cycle. The dominant pollen types from nonnatives (Betula, Salix), natives (Myrtaceae) or both (Poaceae and Cupressaceae) have a predictable pollen season and timing of peak pollen concentration (Fig. 1) inter-annual variations in the composition of dominant pollen types (Fig. 1) . In aggregate, such patterns conform to previous aerobiological studies conducted in other temperate Australian cities (Ong et al. 1995a (Ong et al. , 1995b Bass and Morgan 1997) . The similarities and differences appeared to be related to the regional floras and surrounding vegetation patterns. The timing of peak pollen concentration in Betula, Salix, Cupressaceae, Poaceae and Myrtaceae suggested that these dominant pollen types may have a predictable pollen season for Hobart (Fig. 1) .
Phenology and aerobiology
We found a poor relationship between the mean monthly pollen levels and the percentage of taxa flowering in the various habitats (Fig. 2) . The cause of this incongruence seems to be related to a complex array of factors. The high pollen load of non-native trees is significant, given that the peak in total pollen occurred in September. However, the pollen types that constituted a minor component (i.e. the 'Other' category, Fig. 2 ) also inflated the pollen load in September. In addition, the pollen load of the spring and summer months was dominated by Pomaderris, Nothofagus, Myrtaceae and Podocarpaceae pollen, despite the much higher levels of flowering observed in various other taxa. These factors confounded a simple linkage between overall phenology and atmospheric pollen load. Furthermore, the upland vegetation did not appear to contribute significantly to the atmospheric pollen concentration (Fig. 2) , although this could have been an artefact of the pollen-sampling location or due to the predominance of animal pollination of the upland taxa.
In general, the atmospheric pollen signature of the major pollen types preceded phenological observations (Fig. 3) . Explanations for these phenomena may be one or a combination of the following: (1) inadequate sampling of the flowering taxa, (2) pollen blown in from earlier flowering populations of the taxa not sampled within the study area, or (3) the ability of pollen to get reworked. The present study has shown that atmospheric pollen concentrations cannot precisely match the flowering of local vegetation. Similar observations were made in a study in Germany, which attempted to integrate flowering dates in phenology and pollen counts (Estrella et al. 2006) .
Nonetheless, in the Poaceae, Myrtaceae, Plantago, Ericaceae and Asteraceae taxa, flowering was observed in every or almost every month of the year, largely in congruence with the atmospheric pollen signature (Fig. 3) . The year-round observations of the flowering of Rutaceae taxa, as opposed to the appreciable Rutaceae pollen signature for only 2 months (Fig. 3) , might be indicative of the predominantly animal-pollination of the majority of the native Rutaceae taxa (Armstrong 1979) or low vagility of Rutaceae pollen. Of the Ericaceae, at least two species, Richea procera and R. sprengelioides, are apparently wind-pollinated (Ladd 2006) , the flowering times of which concur with peaks in the atmospheric pollen signature. Yet, other supposedly animal-pollinated species were also observed flowering when the Ericaceae-pollen signature peaked (Fig. 3) . Unfortunately, the Ericaceae pollen cannot be sufficiently identified to genus level by light microscopy to discriminate between animal-and wind-pollinated types.
Regional trends in aerobiology
Four major cities of Australia, namely Darwin, Brisbane, Sydney and Melbourne, have had several pollen studies assessing aerobiology and its links with respiratory allergy (Rees 1964; Moss 1965 Moss , 1966 Ong et al. 1995b; Bass and Morgan 1997; Rutherford et al. 1997; Green et al. 2002; Stevenson et al. 2007) . A comparison of the annual pollen load of Hobart with those of the above four cities highlights some significant patterns (Table 2) . Among the three temperate Australian cities (Sydney, Melbourne and Hobart), Hobart's total annual pollen load was the lowest. The annual pollen load of Hobart was more comparable to that of Brisbane, where the annual pollen load ranges from 4600 to 8500 grains m -3 (Green et al. 2002) . Nonnative trees dominate the pollen spectrum in temperate cities, as opposed to natives in subtropical Brisbane and tropical Darwin (Stevenson et al. 2007) . The magnitude of difference in pollen load between the mainland temperate cities and Hobart could be indicative of the larger build-up area and the correspondingly greater number of non-native temperate trees planted in the cities of Melbourne and Sydney.
Non-native trees
Betula (birch) pollen dominated the atmosphere of Hobart, with the pollen concentration being about twice that of the Cupressaceae, the second-most dominant pollen type. In Sydney, Brisbane and Darwin, the differences in concentrations of the top two or three dominant pollen types were typically more closely ranked ( Table 2 ). The inordinately high concentration of Betula pollen could be due in part to the presence of Betula pendula (silver birch) trees in built-up areas of Hobart, home gardens and in the vicinity of the pollen sampler. A similar situation was encountered in Sydney, where Bass and Morgan (1997) counted 108 grains m -3 for Betula during 3 years of pollen monitoring in south-western Sydney, as a result of the presence of a single Betula sapling in the vicinity of their sampling locality.
At an annual total of over 2200 grains m -3 in 2007-2008, the atmospheric concentration of Betula pollen in Hobart was (Stevenson et al. 2007) . The values for the other sites are yearly averages of multi-year studies (Brisbane: Green et al. 2002; Sydney: Bass and Morgan 1997; Melbourne: Ong et al. 1995a , 1995b comparable to that in London (Spieksma 1990) . This is of concern because birch is a major allergen implicated in respiratory diseases in Europe (World Health Organisation 2003) . In Turkey, even though Betula-type pollen contributed only a small percentage of <2% of the total pollen load during 10 years, it was responsible for 18% of the clinical cases of allergy (Can et al. 2010) . Concentrations of Betula pollen as low as 30-80 grains m -3 have been reported as the threshold for instigating allergenic responses (Viander and Koivikko 1978) and the concentrations of Betula pollen in the current study routinely exceeded 30 grains m -3 during September and October.
Alnus (alder) and Salix (willow) also exhibited a higher atmospheric pollen concentration in Hobart than in other Australian cities ( Table 2 ). The percentage of Alnus pollen in the pollen spectrum of Hobart is comparable to that of Leiden, Netherlands (Spieksma et al. 1989) . This is notable, because Alnus pollen is a major allergen and exhibits cross-reactivity with pollen grains of other genera belonging to the Betulaceae and Fagaceae families (Matthiesen et al. 1991; Subiza et al. 1998) . Likewise, Salix is known to be allergenic (Ribeiro et al. 2009) , and might be a significant cause of hay fever in Hobart, considering its abundance as a weed in Tasmania.
Poaceae
Distinct grass-pollen seasons are known for Australian cities, although the peak period for airborne grass pollen varies with the climatic zone. In monsoon-tropical Darwin, the grass-pollen peak follows the onset of the dry season (April-May) (Stevenson et al. 2007) . In subtropical Brisbane, grass pollen is most prominent from summer through to autumn (December-April) (Green et al. 2002) . In warm-temperate Sydney, grass pollen peaks in spring through to autumn (October-May) (Bass et al. 1991; Bass and Morgan 1997) . In temperate Melbourne, grass pollen peaks during spring and early summer (NovemberJanuary) (Ong et al. 1995a (Ong et al. , 1995b . The grass-pollen season in Hobart exhibits the same trend as in Melbourne, peaking between November and January ( Fig. 1) , thus reflecting the similarities in climate between the south-eastern cities of Australia.
Although high pollen-producing non-native grass taxa, such as Dactylis glomerata (cocksfoot), Lolium spp. (ryegrasses), Holcus lanatus (Yorkshire fog) and Paspalum dilatatum (paspalum grass) , were found in the vicinity of the Hobart pollen sampler, Poaceae pollen was poorly represented in the aerobiology of Hobart (~6% of the annual total pollen concentration). By comparison, Poaceae pollen constituted 20-72% of the annual total pollen concentration in other Australian states (Table 2) . Also, the maximum daily concentration of Poaceae pollen in Hobart across the entire study period was~47 grains m -3 , whereas Sydney has peak daily concentrations of >460 grains m -3 (Bass and Morgan 1997) .
Previously published minimum threshold Poaceae-pollen concentrations for inducing nasal symptoms in sensitised individuals have ranged from 20 to 71 grains m -3 (Puc and Puc 2004; Rapiejko et al. 2007; Johnston et al. 2009 ). Hence, the values for Hobart suggest that Poaceae pollen might play a smaller part as an allergen in Hobart than in other Australian states.
Native plants
Unlike in subtropical Brisbane and tropical Darwin, native species play a very small role in the pollen spectrum of Hobart. The Hobart pollen signature for the Myrtaceae, Ericaceae and Acacia, for example, was comparable to that of temperate Sydney (Table 2) , and is perhaps a reflection of the large role animal-pollination plays in the native vegetation (Hingston and McQuillan 2000) . However, the signature of Pomaderris in the Hobart pollen spectrum is unique for Australia, possibly as a result of the prevalence of Pomaderris in the understorey of the eucalypt forests or ornamental plantings in the vicinity of the pollen sampler. The signatures of the Podocarpaceae and Nothofagus, derived from rainforest trees, provided a unique character to the Hobart aerobiology.
